The vasomotor responses of tachykinins have been studied in the cerebral vasculature of human, pig, cat, and guinea pig, Substance P (SP), neurokinin A (NKA), neurokinin B (NKB), and neuropeptide K (NPK) induced concentration-dependent relaxations of pre con tracted cerebral arteries in all species when examined by a sensitive in vitro technique, In addition, the relaxant responses to SP, NKA, and NKB were studied in cat pial arterioles by peptide microapplication in situ. In human pial vessels, the order of relaxant potency was SP > N KB > NKA > NPK; in the pig middle cerebral artery, there was no difference in potency between the tachykinins; in the cat middle cerebral artery, SP = NKB > NKA = NPK; and in the guinea pig basilar artery, SP :» NPK = NKA > NKB. Responses induced by SP, NKA, and NKB in the cat were comparable in vitro and in situ.
pig basilar arteries to SP, NKA, and NPK were compet itively antagonized by the SP antagonist Spantide. How ever, Spantide lowered the I max of the NKB concentra tion-response curve without any rightward shift, suggest ing action at a different site than the other tachykinins. In the guinea pig basilar artery, the relaxation seems to be exerted via a N K -1 receptor subtype while the receptor subtype is more unclear in cerebral arteries from human, cat, and pig. It is concluded that relaxations induced by SP, NKA, NKB, and NPK are dependent on the endo thelium, and are antagonized either competitively or non competitively by the SP antagonist Spantide. The origin of tachykinins acting through the endothelium is dis cussed. Key Words: Cerebral arteries-In vitro pharma cology-In situ-Substance P-Neurokinin A Neuropeptide K-Neurokinin B-Cat-Guinea pig Pig-Human. neurogenic inflammatory responses in blood ves sels (dilation and protein extravasation), and to be involved in modulation of cranial pain. Until a few years ago, SP was the only tachykinin known to be present in the nervous system. Recently, further mammalian tachykinins have been described: neu rokinin A (NKA), neuropeptide K (NPK), which is a prolonged form of NKA, and neurokinin B (NKB). SP, NKA, and NPK are all derived from the same gene, capable of generating three different preprotachykinins (PPTs) (a-PPT A, f3-PPT A, and T-PPT A) as a result of alternative splicing of a com mon transcription product (Nawa et al. , 1983 (Nawa et al. , , 1984 Krause et al. , 1985) . a-PPT A contains SP while f3-PPT A and T-PPT A contain both SP and NKA.
NPK is a prolonged form of NKA and is derived from f3-PPT A. NKB is derived from PPT B, which is generated from another gene (Kotami et al. , 1986) . The finding that SP and NKA arise from the same precursor is supported by the coexistence of these peptides in trigeminal cell bodies and in peri vascular fibers around cerebral vessels. Interest ingly, radioimmunoassay has suggested differential processing of these two peptides in the trigemino cerebrovascular system (Edvinsson et aI., 1988) .
Specific antibodies are not yet available for NKB but it may well coexist with the other tachykinins.
The biological effects of the tachykinins are medi ated by receptor subtypes classified as neurokinin-l (NK-l ), neurokinin-2 (NK-2), and neurokinin-3 (NK-3), according to the rank order of potency of agonists (Watson et aI., 1983; Laufer et aI., 1985; Lee et aI., 1986) . The identification of several tachykinins around the cerebral blood vessels raises the question whether they may cause different re sponses. SP, NKA, NPK, and NKB may all coop erate in the mediation of vascular reactions that fol low activation of the trigeminocerebrovascular pathway.
The purpose of the present investigation was to study the effects of the tachykinins in various mam mals and to characterize the vasomotor responses and possible tachykinin receptor subtypes in the ce rebral vasculature.
METHODS

Vasomotor responses in vitro
Vasomotor responses of isolated segments of pial (hu man, n = 9), middle cerebral (cat, n = 3; pig, n = 3), and basilar (guinea pig, n = 15) arteries were examined with a sensitive in vitro system (H6gestiitt et aI., 1983) . Human material was obtained from macroscopically intact re gions of parietal or temporal cortex in conjunction with neurosurgical tumor resections. The cerebral arteries of pigs were carefully dissected from brains obtained at a local slaughterhouse. Cats and guinea pigs were exsan guinated under barbiturate anesthesia, the brains re moved, and cerebral vessels dissected free under an op eration microscope. Vessel segments (1-3 mm long) were mounted on two L-shaped metal prongs, one of which was connected to a Grass FT03 force displacement trans ducer attached to a Grass 7 polygraph (Grass Instru ments, Quincy, MA, U.S.A.) for continuous recording of the isometric tension. The mounted vessels were im mersed in temperature-controlled (3rC) tissue baths con taining a buffer solution continuously gassed with 5% COz in Oz, giving a pH of 7.4. Arteries were given a passive tension of 4 mN (guinea pig basilar arteries re ceived only 2 mN) and 'ililowed to stabilize at this level of tension for 1.5 h. The contractile capacity of the vessels was examined by administration of a 60 mM potassium containing buffer solution. At the resting level of tension, the peptides induced only a weak or no relaxation; there fore, vessels were precontracted with prostaglandin Fza (PGFza, 3 x 10-6 M), 5-hydroxytryptamine (5-HT, 10-5 M), or histamine (10-.5 M). All agents induced strong contractions. During this contraction, the peptides were J Cereb Blood Flow Metab, Vol. II, No.4, 1991 added to the tissue baths in increasing concentrations (be tween 10 -II and 10 -6 M), which invariably resulted in relaxation of the mounted vessel segments.
The vasodilator effects of SP, NKA, NPK, and NKB were tested in the presence and absence of endothelium. The endothelium was removed by rubbing the intimal sur face with a wooden stick inserted through one cut end of the basilar artery. The absence of relaxation to acetylcho line in segments in which tone was raised by PGFZa con firmed that the endothelium was removed (Furchgott and Zawadzki, 1980) . In some experiments performed on guinea pig basilar arteries, the SP antagonist Spantide (o-Argl, oTrp7.9, o-Leull-SP) was added to the tissue bath in different concentrations within a range of 10-7_10-5 M. After an incubation period of 1G--15 min with the SP antagonist, the relaxant responses to the tachykinins were examined on the precontracted vessel segments.
Results are expressed as pDz (-log concentration of agonist eliciting half-maximum relaxation) and as [max (mean of maximum relaxant responses), and given as mean values ± SD of responses from a given number (n) of vessel segments. The dissociation constant (or pAz) was calculated as described by Arunlakshana and Schild (1959) : pAz = log 10 (CR -I)/B. Student's t test was used to determine statistical significance between mean values of two sets of data; p < 0.05 was regarded as significant.
Vasomotor responses in situ
The vasomotor responses of pial arterioles located on the cortical surface were examined in cats (n = 15) anes thetized with a-chloralose (60 mg/kg i.v.), intubated, and connected to an intermittent positive-pressure ventilation system. The right femoral vessels were cannulated and samples from arterial blood were frequently taken for es timation of pH and blood gases. The animals were placed in a stereotaxic head frame and a craniotomy was made on the left parietal cortex. The dura was removed and the cortex exposed. Vascular caliber was measured using an image-splitting technique (Baez, 1966) . SP, NKA, and NKB were dissolved in artificial CSF immediately prior to use. Glass micropipettes were fill ed with artificial CSF and with the aid of a micromanipulator inserted through the arachnoid into the perivascular space close to the cerebral arterioles. Approximately 5 f.Ll of artificial CSF was injected into the perivascular space over 15 s. The maximum changes in vessel caliber following perivascu lar application of peptides were expressed as % changes relative to the diameter of the vessel before drug appli cation, and were compared with those following the ad ministration of artificial CSF alone. For further method ological details, see Edvinsson et al. (1981 Edvinsson et al. ( , 1982 .
Data are expressed as mean values ±SD of responses of individual arterioles. Differences between the mean values were assessed by Student's t<est with the use of Bonferroni's inequality correction.
Drugs
The buffer solution used was of the following compo sition (mM): NaCl, 119; NaHC03, 15; KCI, 4.6; CaCI2, 1.5; MgClz, 1.2; NaHzP04, 1,2; and glucose, 11. The el evated potassium buffer was obtained by an equimolar substitution of NaCI for KCl, resulting in a potassium concentration of 60 mM. The following agents were used: acetylcholine hydrochloride, histamine, 5-HT, NKA, and SP (Sigma, St. Louis, MO, U.S.A.); NKB and NPK (Bachem, Bubendorf, Switzerland); PGF2a (Amoglandin, Astra, S6dertiilje, Sweden); and Span tide (Ferring AB, Sweden).
The peptides except NKB were dissolved and diluted in 0.9% saline containing 0.1 mM ascorbic acid. NKB was dissolved in trifluoroacetic acid, with the pH adjusted to 7.0 with NaOH and further diluted with 0.9% saline. Ace tylcholine, histamine, 5-HT, and PGF2<x were dissolved and diluted in 0.9% saline.
RESULTS
Vasomotor responses in vitro
Agonist responses
The tachykinins produced concentration-de pendent relaxations in isolated precontracted arter ies of the different species examined. Results are summarized in Table 1 . In human cerebral arteries, the tachykinins elicited equally strong concentra tion-dependent relaxations, varying between 81 and 92% relative to precontraction. SP was significantly more potent than NPK (p < 0. 05) while there were no significant difference between the others. The relative potency was SP > NKB > NKA > NPK Table 1 ). In pig cerebral arteries, SP in duced only weak relaxations with a maximum re sponse of 12. 5 ± 8.9% of the PGF2,,-induced con traction, while NKA, NPK, and NKB were stron ger dilators with maximum responses of 43 .0 ± 10.4% (p < 0. 01), 33.6 ± 12. 1% (p < 0.05), and 33.0 Table 1 ). In this preparation, there was no difference in po tency between the tachykinins, the relative potency being NKB = NKA = NPK = SP. In the cat mid dle cerebral artery, NKA induced a stronger relax ation than the other tachykinins with an I m a x of 32.9 ± 5. 8% (p < 0. 05), while SP, NPK, and NKB in duced the same amount of maximum relaxation (SP, 13.0 ± 10. 4%; NPK, 16. 6 ± 10. 4; and NKB, 17. 6 ± 10. 7%). SP and NKB were significantly more potent than NKA and NPK (p < 0.05); the relative potency was SP = NKB > NKA = NPK Table 1 ). In guinea pig basilar arteries, NKB induced a smaller amount of relaxation (57. 0 ± 27.0%) compared to SP, NKA, and NPK (67. 7 ± 16.7, 84. 8 ± 15. 6, and 81. 2 ± 12. 3%, respectively).
The maximum relaxation of NKA and NPK was significantly stronger (p < 0. 05) than NKB. On a molar basis, SP was about 30 times more potent than NKA, NKB, and NPK (p < 0. 005). The rela tive potency of the tachykinins was as follows in the guinea pig basilar artery: SP � NPK = NKA > NKB (Fig. ID, Table 1 ).
Endothelium removal
The removal of endothelium was verified by the absence of relaxant response to acetylcholine (Fig.   2 ). In guinea pig basilar arteries devoid of endothe lium, none of the tachykinins caused relaxations as exemplified with NPK in Fig. 2 .
Blockade experiments
In guinea pig basilar arteries, the SP antagonist Spantide (l 0� 7 -1O� 5 M) induced a parallel shift to the right of the relaxant response caused by SP, NKA, and NPK without alteration of the I max of the agonists (Fig. 3 ). Spantide at 1O� 5 M did not show any antagonistic competitive effect on the concen tration-response relaxation of NKB but reduced the I m a x (Fig. 3C ) from 57. 0 ± 27. 1 to 7. 7 ± 8. 4% (p < 0. 001) compared to control vessels.
Schild plots (Fig. 4 ) revealed regression lines with slopes that did not differ significantly from unity, thus resulting in the following pA2 values: 6.9 for SP and N KA, and 6. 7 for NPK.
Vasomotor responses in situ
Perivascular injection of artificial CSF had mini mal effects upon pial arteriolar caliber (Table 2) .
Perivascular microapplication of SP and NKA re sulted in significant increases in the arteriolar cali ber from 99. 9 ± 9. 6 to 121. 0 ± 11. 4 j.Lm and from 99.1 ± 4. 7 to 120. 6 ± 4. 8 j.Lm, respectively, while there was a smaller, but significant, caliber change after NKB application from 98. 0 ± 1. 0 to 114. 4 ± 9. 8 j.Lm (Table 2 ). The relaxant effect of SP, NKA, and NKB occurred in the same concentrations in situ and in vitro ( Fig. 5 ).
DISCUSSION
Nerve fibers containing SP and NKA have in pre vious studies been found in the cerebral circulation of several species such as cat, guinea pig, rat, pig, and human (Edvinsson et al., , 1988 et aI., 1985) . Simultaneous or sequential immuno staining has revealed the coexistence of NKA and immunoreactive SP in a population of nerve cell bodies in the trigeminal ganglion and in perivascular nerve fibers of brain vessels; both tachykinins have also been shown to coexist with CGRP (Edvinsson et aI., 1988 (Edvinsson et aI., , 1989 (Watson et aI., 1983; Laufer et aI., 1985; Lee et aI., 1986) : NK-l receptors have the following Schild plots for the antago nism of substance P-, neurokinin A-, and neuropeptide K-induced contrac tions by Spantide in guinea pig basilar artery. The log concentration in ratio (CR) -1 (ordinata) is plotted against the -log antagonist concentration IB) (M) (abscissa) for the experiments shown in Fig. 3 . The slope of regres sion line was -0.60 for SP, -0.83 for NKA, and -1.47 for NPK. pA2 was 6.9 for SP and NKA and 6.7 for NPK. rebral arteries in vitro_ Data are presented as <I:
..J mean response ± SO. n = 5-28. (Regoli et aI., 1984 (Regoli et aI., , 1987 . In human cerebral arteries, SP was most po tent while NKB tended to be more potent than NPK (SP > NKB > NKA > NPK). A similar pattern was observed in cat cerebral arteries, in which SP and NKB were more potent than NKA and NPK (SP = NKB > NKA = NPK). In the pig, there was no difference in potency between the tachykinins (SP = NKA = NPK = NKB). In guinea pig basilar arteries, the order of potency for tachykinins was SP � NPK = NKA > NKB. The results from the experiments indicate that cerebral arteries from cat respond similarly in vitro and in situ. Interestingly, the agonist studies show that the suggested order of potency for different tachykinin receptor subtypes does not fit exactly. In the guinea pig basilar artery, the tachykinin receptor seems to be of the NK-l type. It may tentatively be suggested that human pial arteries and pig and cat middle cerebral arteries are equipped with a non-NK-l receptor subtype or a mixture of NK-l and NK-2. Further studies are needed to characterize these tachykinin receptors at depth.
In addition, we have provided evidence that not only SP and NKA (Edvinsson et aI., 1985; Burn stock, 1987; Edvinsson and Jansen, 1987) but also NPK and NKB require an intact endothelium to induce relaxation of precontracted cerebral arter ies. Other vasoactive peptides such as vasoactive intestinal polypeptide (VIP) and CGRP are known to exert their vasodilator effects via mechanisms that in cerebral vessels are independent of the pres ence of intact endothelium (Edvinsson et aI., 1985) .
The SP antagonist Span tide has previously been reported to block SP-and NKA-induced relaxations in basilar arteries of guinea pig (Edvinsson and Jan sen, 1987) . In the present study, NPK-induced re sponses were in addition blocked competitively by Spantide. This suggests an action via the NK-1 and NK-2 receptor subtypes. Spantide did not cause any parallel shift of the relaxant responses elicited by NKB but markedly lowered the I max . Spantide is thus not a competitive antagonist for NKB. It may be speculated that this antagonist has a low affinity for the NK-3 (NKB) receptor site. Thus, Spantide may be of value in characterization of neurokinin receptor SUbtypes.
The origin of the tachykinins acting on receptors located on the cerebral vessels should be consid ered. The reason why the four tachykinins studied, J Cereb Blood Flow Metab, Vol. 11, No.4, 1991 all of which occur in measurable amounts in cere bral vessels (Regoli et aI., 1984; Edvinsson et aI., 1988) , cause relaxations through the release of an endothelium-derived relaxant factor is not known.
It does not seem logical that they are released from perivascular nerves and diffuse all the way through the medial muscle coat and elastic layer to reach the endothelial cells (Burnstock, 1987) . Thus, an alter native explanation should be considered: (a) Tachy kinin mediating the vasomotor responses is stored and released from cerebral endothelial cells. This is supported by the recent evidence that SP is local ized in endothelial cells of femoral and mesenteric arteries (Loesch and Burnstock, 1988 ) and aorta and cerebral arteries (Ralevic et aI., 1988; Linnik and Moskowitz, 1989) Finally, tachykinins convey sensory information to the central nervous system and do not primarily affect the smooth muscle layer of the blood vessels.
Future studies may provide further insight into the complex and differential role of tachykinins in the cerebral circulation.
